INTRODUCtTION
=============

Coal is so far the most plentiful fossil resource, nearly four times more abundant than petroleum or natural gas ([@R1], [@R2]). Efficient use of coal is pivotal to domestic economies that are rich in coal. For instance, China represents the largest coal market in the world and is expanding its coal-to-liquids (CTL) technology by \~2% per year. By 2020, CTL is expected to account for 15% of the coal use in China ([@R3]). Accordingly, there is a large incentive to improve current CTL technology, which can convert coal into liquid fuels and valuable chemicals ([@R4], [@R5]). The CTL process consists of four stages, namely, synthesis gas production by coal gasification, the water-gas shift (WGS) reaction, Fischer-Tropsch (FT) synthesis ([@R6]--[@R9]), and product upgrading. In the context of coal-based FT synthesis, Fe-based catalysts are preferred over Co-based ones due to their tolerance to sulfur, low cost, and high operational flexibility ([@R10], [@R11]). A well-known issue with Fe-based catalysts is that they typically convert 30% of the CO reactant to CO~2~ as a by-product instead of nearly exclusively H~2~O as for Co ([@R7], [@R8], [@R12]).

Considering the oxygen balance of the overall CTL process, oxygen is introduced as H~2~O and O~2~ during synthesis gas production (coal gasification) and is eventually removed as CO~2~ in the WGS and as CO~2~ and H~2~O in the FT synthesis section ([@R9], [@R12]). Although the total amount of CO~2~ (WGS + FT) to be released is a constant (see the supplementary materials for mass balance calculation), the amount of CO~2~ produced in the FT synthesis reactor not only decreases CO conversion, therefore requiring a higher recycle rate to obtain high overall CO conversion, but also occupies part of the gas holdup of the CTL plant, leading to additional energy consumption for heating, compression, and separation ([@R7]--[@R9], [@R13]). Taking into account these aspects, we estimated the annual energy consumption as a function of the CO~2~ selectivity in the FT reaction (excluding as a first approximation CO~2~ from the WGS reaction; see the supplementary materials for calculation). [Figure 1](#F1){ref-type="fig"} shows that eliminating CO~2~ formation in the FT reactor can substantially cut operational cost. Eliminating CO~2~ production in the FT reactor implies that all CO~2~ is generated in the WGS reactor. This is meaningful as concentrated production of CO~2~ will make its removal more feasible, which is important for carbon capture and storage/utilization strategies in the context of clean CTL technologies ([@R14], [@R15]). Thus, it is worthwhile to develop an Fe-based FT catalyst with an as low as possible CO~2~ selectivity.

![The influence of the CO~2~ selectivity in the FT reaction on the annual (8000 hours per year) energy consumption of a 500 kton year^−1^ liquid fuel production FT plant (including reactor, heater, compressor, and separator).](aau2947-F1){#F1}

The complexity of Fe-based FT catalysts hinders the development of improved materials with a low CO~2~ selectivity ([@R6], [@R8], [@R12], [@R16], [@R17]). Depending on catalyst pretreatment, these catalysts may contain metallic iron, iron oxide, and iron carbides. In particular, the latter are thought to be crucial for FT performance, and several iron carbides such as χ-Fe~5~C~2~, θ-Fe~3~C, ε(′)-Fe~2(.2)~C, and Fe~7~C~3~ have been identified as active components for the FT reaction ([@R18]--[@R21]). de Smit *et al*. ([@R19], [@R20]) studied the stability and phase transformation of these carbide phases as a function of the carbon chemical potential. With the aim of studying their contribution to the FT reaction, several efforts have been made to synthesize phase-pure iron carbides. Ma and co-workers ([@R22]) introduced bromide to prepare χ-Fe~5~C~2~ nanoparticles. Santos and co-workers ([@R23]) achieved highly dispersed χ-Fe~5~C~2~ with 86% purity by means of a metal organic framework-mediated synthesis. The CO~2~ selectivity at 340°C, 20 bar, H~2~/CO = 1, and a GHSV (gas hourly space velocity) of 30,000 hour^−1^ of this material is about 47%, which is close to the theoretical upper limit of 50%. Xu *et al*. ([@R24]) recently showed that a catalyst containing 73% ε-iron carbide has a promising activity and a relatively low CO~2~ selectivity (20%) at 200°C. An important corollary of these and other studies is that it is challenging to prepare phase-pure iron carbides. Another aspect is that it is usually assumed that ε-iron carbides will easily transform into the more stable Hägg carbide (χ-Fe~5~C~2~) during the FT reaction ([@R20], [@R25]--[@R27]).

RESULTS AND DISCUSSION
======================

In this work, we present a novel synthetic procedure to obtain pure ε(′)-carbide by carefully controlling the pretreatment and carburization conditions. The approach consists of (i) fully reducing iron oxide to iron metal in a H~2~ flow, (ii) pretreating the metal precursor in dilute synthesis gas (H~2~/CO/N~2~ = 2/1/10) at 170°C for 40 min, and (iii) slowly ramping this precursor to 250°C at a rate of 0.5°C min^−1^ in synthesis gas with a H~2~/CO/N~2~ = 3/2/2 composition for 6 hours (see the supplementary materials for details). The reduction temperature of the first step depends on the iron oxide precursor, while the latter two constitute the carburization step. Notably, this approach can be applied to any reducible iron precursor, avoiding the use of expensive or toxic chemicals. Moreover, its simplicity means that we can carry out this procedure in different types of reactors including an in situ reactor device for Mössbauer spectroscopy characterization and an industrial pilot-scale reactor. To showcase our approach, we prepared an unsupported catalyst using Raney-Fe as a starting material (denoted as R-Fe) and a silica-supported Fe catalyst (Fe/SiO~2~). Preparation methods are available in the supplementary materials. The resulting ε(′)-carbide catalysts show an unexpected stability and unprecedented low CO~2~ selectivity in the FT reaction. Although the FT performance of the two catalysts differs slightly due to the different physicochemical properties, their kinetic performance is sufficiently similar to conclude that the active phases are the same. Therefore, in the rest of this work, we focus on the R-Fe catalyst. Corresponding data for the Fe/SiO~2~ catalyst are collected in the supplementary materials (figs. S1 to S3).

We note here that ε-Fe~2~C and ε′-Fe~2.2~C share the same space group \[*P*6~3~/*mmc* (194)\] and cell dimensions, with carbon occupying the same octahedral interstices (O-carbides) in slightly different concentrations. Therefore, these phases show very similar chemical properties and are often considered as one phase, denoted hereafter as ε(′)-carbide ([@R20], [@R24], [@R28]). The in situ x-ray diffraction (XRD) pattern of the reduced sample (black line in [Fig. 2A](#F2){ref-type="fig"}) indicates the completeness of iron reduction. After pretreatment at 170°C in synthesis gas with H~2~/CO = 2, the XRD pattern hardly changes, implying that the metallic iron phase is maintained (blue line in [Fig. 2A](#F2){ref-type="fig"}). On the other hand, the temperature-programmed hydrogenation (TPH) profile of the pretreated sample (blue line in [Fig. 2B](#F2){ref-type="fig"}) reveals that surface carbon was deposited on the metallic iron surface. This type of carbon can be hydrogenated to methane at 350°C. As the intensities of the metallic iron component in the pretreated sample are hardly affected by the exposure to synthesis gas, we conclude that most of the deposited carbon remains on the surface and it does not lead to bulk iron carbides. In situ XRD after the carburization shows that phase-pure ε(′)-carbide was obtained (PDF\#36-1249). The TPH profile contains the typical characteristic peaks of carbon species in ε(′)-carbide in line with an earlier study ([@R29]). Operando Mössbauer spectra ([Fig. 3](#F3){ref-type="fig"}) following the same procedure confirm that the as-synthesized catalyst is made up exclusively of ε(′)-carbide (detailed spectral interpretation in the supplementary materials). The Mössbauer spectroscopy measurements also demonstrate that the formed ε(′)-carbide can survive industrially relevant FT synthesis conditions.

![Investigation of ε(′)-carbide formation.\
(**A**) In situ XRD patterns of reduced (black), pretreated (blue), and carburized (red) R-Fe catalyst. a.u., arbitrary units. (**B**) TPH profiles of pretreated (blue) and carburized (red) R-Fe catalyst. Carbide synthesis procedure: (i) reduction: H~2~ flow, 1 bar, 430°C, 1 hour; (ii) pretreatment: H~2~/CO = 2, 1 bar, 170°C, isothermal period of 40 min; (iii) carburization: H~2~/CO = 1.5, 1 bar, ramping from 170° to 250°C at a rate of 0.5°C min^−1^, isothermal period of 1 hour. TCD, thermal conductivity detector.](aau2947-F2){#F2}

![Operando Mössbauer spectroscopy of R-Fe catalysts.\
(**A**) Pretreated at H~2~/CO = 2, 1 bar, 170°C for 40 min, followed by ramping to 250°C at a rate of 0.5°C min^−1^, dwelling for 1 hour; (**B**) H~2~/CO = 1.5, 23 bar, 235°C for 12 hours; (**C**) H~2~/CO = 1.5 with saturated vapor water at 35°C, 23 bar, 250°C for 12 hours. Mössbauer data were acquired at 4.2 K.](aau2947-F3){#F3}

In the course of our investigations, we found that it is essential to fully reduce the iron precursor before the pretreatment steps. Otherwise, the final catalyst will be composed of a mixture of iron oxide and iron carbide, as usually observed in conventional Fe-based FT catalysts. In situ XRD patterns (fig. S4) show that Fe~3~O~4~ cannot be carburized in synthesis gas at 250°C. Mössbauer spectra confirm that carburization of Fe~3~O~4~ hardly proceeds and will only lead to χ-carbide (fig. S5), which is thermodynamically favored over ε(′)-carbide under FT conditions. We also found by using in situ XRD (fig. S6) that carburization of metallic Fe particles larger than 30 nm results in a mixture of ε(′)-carbide and χ-carbide. We speculate that this is due to an insufficient carbon diffusion rate in large metallic Fe particles during the carburization step. The Fe particles of the R-Fe and Fe/SiO~2~ catalysts used in longer-term FT tests, which will be discussed later, have an average particle size of 27 and 19 nm, respectively. We should also highlight the importance of exposure to synthesis gas at relatively low temperature. Without this step, again, a mixture of ε(′)-carbide and χ-carbide will be obtained as confirmed by XRD (fig. S7). This signifies the importance of the carbon species formed during the pretreatment step to ε(′)-carbide formation. During carburization, there is a competition of carbon atoms for bulk phase diffusion, hydrogenation, and graphitic carbon formation. As it has been reported that the formation of ε(′)-carbide phase requires low temperature and high carbon chemical potential ([@R20]), we speculate that predeposited carbon may deactivate the surface sufficiently to facilitate the formation of ε(′)-carbide over χ-carbide.

To study the carburization process in more detail, we used environmental transmission electron microscopy (TEM). [Figure 4A](#F4){ref-type="fig"} shows high-resolution TEM (HRTEM) images of a single crystal after carburization for 20 min. The fast Fourier transform (FFT) of the selected area in [Fig. 4A](#F4){ref-type="fig"} emphasizes that the large crystal consists of two different structures. The FFT in [Fig. 4B](#F4){ref-type="fig"} is composed of inner and outer symmetric spots belonging to lattice spacings of 2.1 Å (blue circle) and 2.0 Å (red circle), representing Fe(110) and ε-Fe~2~C(101) planes, respectively. The mismatch angle of 4.7° between the inner and outer spots indicates the tilting angle between these two planes in the crystal. The filtered image in real space as shown in [Fig. 4C](#F4){ref-type="fig"} represents the inverse FFT (IFFT) of the selected area in [Fig. 4A](#F4){ref-type="fig"} (dashed square). According to the spacing of lattice fringes, Fe is located near the core of the crystal (right side of [Fig. 4C](#F4){ref-type="fig"}) and ε-Fe~2~C on the surface (interface indicated by the dash-dot line). Some dislocations are observed at the interface (marked by "T" in [Fig. 4C](#F4){ref-type="fig"}), where extra rows are visible in the Fe phase to compensate the lattice mismatch. By selecting deflection spots in [Fig. 4B](#F4){ref-type="fig"}, the distribution of Fe ([Fig. 4D](#F4){ref-type="fig"}) and ε-Fe~2~C ([Fig. 4E](#F4){ref-type="fig"}) can be highlighted in real space, suggesting that ε-Fe~2~C grows epitaxially on the surface of Fe.

![Observation of ε(′)-carbide formation by environmental TEM.\
A well-ground sample was in situ reduced in a H~2~ flow at 430°C for 20 hours. Subsequently, the sample was exposed to a synthesis gas flow (H~2~/CO = 2.4/1.2) at 170°C for 20 min. During this dwell, HRTEM images were taken. (**A**) HRTEM image. (**B**) FFT of selected area. (**C**) IFFT image. (**D**) IFFT image of α-Fe. (**E**) IFFT image of ε-Fe~2~C.](aau2947-F4){#F4}

Catalytic tests were performed in a fixed-bed reactor under typical industrial conditions, namely, at 235°C, a H~2~/CO ratio of 1.5, a pressure of 35 bar, and a GHSV of 18,000 hour^−1^. Most attractively, the CO~2~ selectivity is as low as 5% ([Fig. 5A](#F5){ref-type="fig"}), which is significantly lower than values reported for conventional Fe-based catalysts under similar conditions ([@R8], [@R12], [@R30], [@R31]). As discussed earlier, a low CO~2~ selectivity in FT synthesis will reduce operational expenditure and increase plant productivity. Note that the activity of the R-Fe catalyst is remarkably stable during 150-hour time on stream at a CO conversion of approximately 15%. Usually, it is assumed that ε(′)-carbide phases are not stable under FT conditions with respect to χ-carbide ([@R20]). To gain an insight into this apparent contradiction, we used operando Mössbauer spectroscopy to monitor the phase composition of the R-Fe catalyst at reaction conditions. Considering the fact that the CO conversion operando Mössbauer cell is limited by mass transport, we saturated the synthesis gas into a water saturator \[partial pressure of water (*P*[h]{.smallcaps}~2~[o]{.smallcaps}) = 97.8 mbar\] to mimic the water partial pressure under practical FT synthesis conditions. After 12-hour reaction at 235°C, the catalyst is composed of 88% ε′-Fe~2.2~C and 12% ε-Fe~2~C ([Fig. 3B](#F3){ref-type="fig"}), indicative of the good stability of the ε(′)-carbide phases. To evaluate whether the formed ε(′)-carbide is also stable at higher temperature, we increased the reaction temperature from 235° to 250°C for 25 hours, followed by a decrease to 235°C. [Figure 4B](#F4){ref-type="fig"} shows that the CO conversion and CO~2~ selectivity were higher at 250°C and regained their original values after the temperature was lowered to 235°C. This suggests that the phase composition does not change during this temperature excursion, which is confirmed by a similar experiment carried out in the operando Mössbauer spectroscopy cell ([Fig. 3C](#F3){ref-type="fig"}). In summary, the catalytic tests and operando Mössbauer spectroscopy characterization reveal that the low and stable CO~2~ formation rate is related to the good thermal stability of ε(′)-carbide at industrially relevant conditions.

![FT performance of the R-Fe catalyst as a function of time on stream.\
(**A**) H~2~/CO = 1.5, 23 bar, 235°C, GHSV of 18,000 hour^−1^. (**B**) After 175-hour time on stream, the reaction temperature was increased to 250°C and kept there for 24 hours followed by a decrease to 235°C.](aau2947-F5){#F5}

Using this phase-pure ε(′)-carbide catalyst, we could gain further insight into CO~2~ formation in the FT synthesis reaction. [Figure 6](#F6){ref-type="fig"} shows the CO~2~ selectivity as a function of the CO conversion, which was varied by changing the total flow rate at constant H~2~/CO ratio. Earlier, it has been concluded that CO~2~ formation on Fe-based FT catalysts is composed of primary CO~2~ and secondary CO~2~ ([@R32]). The primary CO~2~ selectivity can be obtained by extrapolating the CO~2~ selectivity to zero CO conversion. The rest is assigned to secondary CO~2~, whose selectivity increases with CO conversion and reflects the re-adsorption of H~2~O as the primary O removal product and its reaction with CO to CO~2~ via the WGS reaction ([@R32]). As shown in [Fig. 6](#F6){ref-type="fig"}, the ε(′)-carbide catalyst is free of primary CO~2~, implying that the O atoms released by CO dissociation are exclusively removed as H~2~O. We contrast our result with an earlier study ([@R30], [@R32]), which shows a primary CO~2~ selectivity of 7 to 15% at comparable conditions. The increasing CO~2~ selectivity at higher CO conversion is therefore due to the WGS reaction of CO reactant with the primary H~2~O product ([@R12]). Conventional Fe-based FT catalysts are a mixture of metallic iron, iron oxides, and carbides, producing both primary and secondary CO~2~ ([@R19], [@R30], [@R31]). Considering the absence of primary CO~2~ on our phase-pure ε(′)-carbide catalyst, we relate the formation of CO~2~ as a primary product to the presence of metallic iron or iron oxides. As metallic iron is seldom observed in active Fe-based FT catalysts, we can attribute primary CO~2~ formation to iron oxides present in conventional Fe FT catalysts ([@R33], [@R34]). This is consistent with iron oxides being the main phase in commercial WGS catalysts. We point out that secondary CO~2~ formed via the WGS reaction in the FT reactor strongly depends on the H~2~O partial pressure in the FT reactor. Accordingly, it can be controlled to some extent by the way the reaction is carried out.

![CO~2~ selectivity as a function of CO conversion on R-Fe (solid) and Fe/SiO~2~ (open) catalysts at different temperatures.\
The CO conversion is varied by adjusting the flow rate at a constant H~2~/CO ratio.](aau2947-F6){#F6}

CONCLUSION
==========

In summary, we present in this work a universally applicable synthesis method of pure ε(′)-carbide catalyst synthesis. Some key issues of the successful synthesis are studied by in situ and operando characterization. The stability and low CO~2~ selectivity of the ε(′)-carbide catalysts under industrial FT conditions show its potential for practical application. This scalable method for preparing highly selective Fe-based FT catalysts will also facilitate the development of new catalysts for intensified CTL processes and provide a starting point for more detailed studies of the catalytic nature of Fe-based FT synthesis.

Materials and methods
=====================

Materials
---------

### R-Fe--based catalyst

Fe/Al alloy powder (50:50 by weight, 200 mesh; Hu'nan Xingyuan Powder Co.) was added into 8 M KOH (AR, Sinopharm Chemical Reagent Co.) solution in a flask under stirring and heated to 70° ± 1°C to dissolve Al in the alloy. Afterward, K^+^ and AlO~2~^−^ ions in the solution were washed away sequentially by deionized water (10 times) and ethanol (7 times). The Fe sample powder was transferred into a sealable quartz tube in a glove box and subsequently dried in an Ar flow at room temperature for 6 hours. As-prepared porous Fe powder was kept in a glove box with an extra seal. Before loading the sample in the in situ XRD cell, the in situ Mössbauer cell, or the FT reactor, the sample was passivated in a flow of 1% O~2~ in He at room temperature for 20 hours.

### Fe/SiO~2~ catalyst

SiO~2~-supported Fe sample was prepared by incipient wetness impregnation method with SiO~2~ support (Q15, 120 mesh; Sasol) using an aqueous solution of Fe(NO~3~)~3~·9H~2~O (AR, Sinopharm Chemical Reagent Co.). The sample was sequentially dried at 80°C for 12 hours and 120°C for 24 hours and then calcined at 500°C for 5 hours in static air.

Characterization
----------------

### In situ XRD

In situ XRD was carried out on a Rigaku D/max-2600/PC apparatus equipped with a D/teX Ultra high-speed detector and scintillation counter. The x-ray generator consisted of a Cu rotating anode target with a maximum power of 9 kW. All the tests were operated at 40 mA and 40 kV. In situ XRD patterns were recorded in an Anton Paar XRK-900 cell equipped with a CO/H~2~/inert gas inlet system.

### Temperature-programmed hydrogenation

TPH was conducted in a quartz tube reactor equipped with a mass spectrometer. Typically, 50 mg of the sample was in situ reduced and carburized before the TPH experiment. During the TPH, the temperature was increased from room temperature to 750°C at a rate of 5°C min^−1^ in a dilute H~2~ flow (20% H~2~ in He, 50 ml min^−1^ in total).

### Environmental TEM

Environmental TEM images were recorded in an aberration-corrected FEI Titan ETEM G2 instrument at an acceleration voltage of 300 kV. A well-ground sample was in situ reduced in a H~2~ flow (10 mbar) at 430°C for 20 hours. After reduction, a syngas feed (H~2~/CO = 2, 3 mbar) was admitted to pass through the sample at 170°C and kept for 2 hours. The HRTEM was taken in situ during the process above.

### Operando Mössbauer spectroscopy

Operando Mössbauer spectroscopy was carried out in a state-of-the-art high-pressure Mössbauer cell ([@R35]). Transmission ^57^Fe Mössbauer spectra were collected at 4.2 K (liquid helium) with a sinusoidal velocity spectrometer using a ^57^Co(Rh) source. The source and the absorbing samples were kept at the same temperature during the measurements. MossWinn 4.0 software was used for spectra fitting ([@R36]). Detailed fitting parameters (tables S2 to S4) and discussion (section S3) are provided in the supplementary materials.

Carbide synthesis and catalytic tests
-------------------------------------

In each run, 500 mg of the catalyst precursor diluted with 3 g of quartz sand was loaded in a stainless steel tubular fixed-bed reactor. The catalyst precursor was in situ reduced in H~2~ flow (20% H~2~ in N~2~; ambient pressure, 3750 ml·g~cat~^−1^·hour^−1^) at 280°C for 12 hours for the R-Fe sample and at 430°C for 24 hours for the SiO~2~-supported Fe sample. The reactor was then cooled to 170°C. Subsequently, the sample was pretreated in a dilute syngas (16% H~2~/8% CO/76% N~2~; ambient pressure, 1.875 liters hour^−1^) for 40 min. Thereafter, we adjusted the composition of syngas to 43% H~2~/28.5% CO/28.5% N~2~ and increased the flow rate to 5.25 liters hour^−1^. Meanwhile, the temperature was increased to 250°C at a rate of 0.5°C min^−1^ and kept for 6 hours to carburize the sample further. After that, the reactor was cooled to 235°C and pressurized to 23 bar to start the FT synthesis reaction. The effluent gas flow was analyzed online by Agilent 7890 GC equipped with two thermal conductivity detectors and one flame ionization detector.

Supplementary Material
======================
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